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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The goal of the present study is the experimental determination of critical void volume fraction at the moment of failure (fF) in 
the GTN model. The experiment involved static tensile tests of notched specimens. The notch geometry allowed to obtain low 
stress state triaxiality ratio in the notch center, equal to 0.516. Fracture surfaces of the specimens used in tensile tests were then 
observed with the use of scanning electron microscope (SEM). Photographs obtained by SEM were subjected to image analysis 
procedure in order to extract areas representing voids in the picture and calculate their surface fraction as the fragment of the 
whole picture. Therefore, the void surface fraction in the picture was identified with the fF parameter. 
The procedure described above allowed to obtain fF = 0.598. The GTN model and the obtained fF parameter were used for the 
numerical simulation of static tensile test, providing good convergence with the experimental data. 
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1. Introduction 
Metals used in civil engineering often crack due to initiation, growth and coalescence of voids. Most often voids 
are initiated around inclusions and precipitates by particle cracking or decohesion of the interface between the 
particle and adjacent matrix. As the plastic strain increases, initiated voids grow and coalesce, finally leading to 
macroscopic defect and failure of the structural element (Fig. 1). Thermal effects accompanying the process of 
plastic straining and ductile fracture can be monitored with the use of thermovision camera, Wcislik (2014 a). 
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Nomenclature 
f volume fraction of voids 
f * modified volume fraction of voids 
f0 initial void volume fraction 
fc critical void volume fraction at the onset of voids coalescence 
fF critical void volume fraction at the moment of failure 
fN volume fraction of nucleating voids 
qi Tvergaard coefficients 
Re yield stress 
Rm material strength 
V sample volume 
VV volume of voids 
N void nucleation strain 
e stress according to Huber - Mises criterion 
m mean stress (arithmetic mean of 3 major stresses) 
Φ yield function 
 
 (a) (b) (c) (d) 
 
Fig. 1. Phases of ductile fracture due to voids initiation and development: (a) voids initiation; (b) growth; (c) coalescence; (d) failure. 
In the literature one can find many plastic material models, describing materials behavior in terms of voids 
development. One of the most widely used solutions is the Gurson model, developed by Tvergaard and Needleman, 
known as the Gurson Tvergaard Needleman (GTN) model. It describes macroscopic plastic material behavior in 
terms of microstructural phenomena.  In the GTN model void volume fraction (defined as the ratio of the volume of 
voids to the volume of the sample) plays the role of softening parameter and thus enables modeling reduction in 
material load bearing capacity before failure. As demonstrated in many issues, the GTN model can predict the 
material behavior shortly before its failure more precisely than models based on material continuum assumption. 
One of the most important issues involved in the GTN model application is the determination of material model 
parameters. This subject is often discussed in the literature. The most often the GTN model parameters are 
determined by adjustment of the numerical simulation results (e. g. stress – strain curve) to the experimental data. On 
the other hand, such GTN model parameters as critical void volume fraction at the onset of voids coalescence (fc), 
critical void volume fraction at the moment of failure (fF) or void nucleation strain (εN) can be determined 
experimentally. The goal of the present study is experimental determination of critical void volume fraction fF using 
microscopic observations and quantitative image analysis. 
2. Gurson Tvergaard Needleman (GTN) model 
Basing on analysis of a void in rigid – plastic matrix, Gurson (1977) developed a model of porous plastic 
material. The void volume fraction (VVF) introduced in the model allows for modeling of material softening. The 
void volume fraction is defined as follows:    
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Original Gurson (1977) model is described by the following equation: 
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Assuming  f = 0, the Gurson criterion reduces to the classic Huber – Mises model. 
Original Gurson model was frequently modified. Tvergaard (1981) introduced qi coefficients providing the better 
convergence of numerical and experimental results. The Gurson Tvergaard constitutive model is defined as follows: 
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In Tvergaard (1981) it is suggested to adopt: q1 = 1.5, q2 = 1.0, q3 = 2.25. The further research of Faleskog et al. 
(1998) revealed that qi coefficients depend on material parameters (yield stress, Young modulus, hardening 
exponent). 
Tvergaard and Needleman (1984) replaced the porosity function f with its modified version  f *, which takes into 
account the influence of voids coalescence on material behavior (the authors assumed that coalescence starts when 
the distance between voids is equal to their diameter). Gurson Tvergaard Needleman (GTN) constitutive model is 
expressed by the following formula: 
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The porosity evolution is given as follows: 
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The GTN model, by introducing porosity as the softening parameter, makes it possible to simulate reduction in 
load carrying capacity caused by voids and microdefects development. The model is often implemented in 
commercial FEM software, which promotes its use in engineering. The GTN model is recommended in the 
literature, e. g. Sedlacek et al.(1998), for the analysis of structural members prior to failure. 
As shown in many studies, fc, fF and N significantly affect the results obtained with the use of Gurson Tvergaard 
Needleman model. The issue was discussed in Richelsen and Tvergaard (1994), Rakin et al. (2000), Jackiewicz 
(2012), Wcislik (2014 b, c), Kossakowski and Wcislik (2014), Kossakowski (2015). 
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The identification of fc and fF in typical engineering materials is widely discussed in the literature. The typical 
procedure involves adjustment of these parameters in order to provide good agreement between numerical and 
experimental results. On the other hand the both parameters have physical interpretation (void volume fraction at the 
instant of voids coalescence and at the moment of failure, respectively), and thus can be identified experimentally. 
This type of approach has received little attention in the literature so far. 
In the present study an attempt is made to assess the value of fF experimentally, by quantitative analysis of the 
material microstructure at fracture surfaces. The research program involved static tensile tests of specimens with a 
ring notch, observing the fracture surfaces by the scanning electron microscope (SEM) and quantitative image 
analysis in order to assess the volume fraction of voids in the material at the moment of failure. 
3. Methodology 
The experiment involved static tensile test conducted with the use of specimens with a ring notch. The initial 
notch radius was 10 mm. The specimens shape and dimensions are given in Fig. 2. According to Bridgman (1952) 
the presence of ring notch produces multiaxial stress state in the specimen. For the geometry of the analyzed 
element the stress state triaxiality ratio was equal to 0.516, according to the formula: 
516.0


e
m     (7) 
 
Fig. 2. Geometry of the analyzed element. 
S355J2G3 steel was used in the investigations. The specimen subjected to the tensile test is illustrated in Fig. 3. 
 
 
Fig. 3. Specimen with the ring notch during tensile test. 
The tensile tests were performed under static conditions to failure. During the test actual force and elongation 
were monitored. The experiments involved 3 specimens of  the given geometry. 
The critical volume fraction of voids fF at the moment of failure was determined experimentally by analyzing the 
fracture surfaces of specimens used for tensile testing (Fig. 4). 
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Fig. 4. Fracture surface of tensile specimens used for microstructural investigations. 
Fracture surfaces were examined microscopically at a magnification of 1000x. Scanning electron microscope 
(SEM) QUANTA FEG 250 was used. An example of a microscopic photograph of a fracture surface is shown in 
Fig. 5. 
 
 
Fig. 5. Microscopic photograph of fracture surface of tensile specimens with a ring notch. 
 
 
Fig. 6. Surface fracture photograph after binarization. 
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The next step was to examine the photographs using the methods of quantitative image analysis. Bright regions in 
Fig. 5 were assumed to represent the intervoid ligaments at the moment of the specimen failure. Basing on the  
greyscale criterion, the light areas (ligaments) were selected and thus binarization of the photographs was 
conducted. The darker areas in Fig. 5, representing voids, were then deleted. The procedure described above allowed 
to obtain binarized fracture surface photograph shown in Fig. 6. 
In the next stage, the fraction of the deleted areas (black in Fig. 6) in the whole photograph area was calculated. 
The results were identified as the volume fraction of voids fF at the time of failure. It must be noted, however, that 
the adopted methodology allowed the determination of the surface, not the volume fraction of voids. 
The procedure described above was applied to 46 microscopic photographs of fracture surfaces. Chauvenet 
criterion was adopted to eliminate unusual values.  Quantitative image analysis procedure made it possible to obtain 
fF = 0.598 for low stress state triaxiality ratio. In the literature one can find different values, but the most often cited 
are Richelsen and Tvergaard (1994) that suggest fF = 0.667. 
4. Discussion 
The GTN model and the value fF = 0.598 obtained in the present study were used for simulation of the notched 
specimen tensile tests, described in section 3. The comparison of experimental and numerical results was performed. 
Numerical axisymmetric model of notched specimen was prepared using Abaqus 6.10 (Fig. 7).  
 
 
Fig. 7. Axisymmetric model of the notched specimen. 
Due to the symmetry of the specimen only its one half was modeled. FEM mesh size (0.3 mm) was equal to the 
distance between large inclusions assessed by microstructural examinations, based on Xia and Shih (1995). Elastic – 
plastic properties of the considered S355J2G3 steel were used according to Wcislik (2014 c): Re = 428 MPa and Rm 
= 683 MPa. 
The  GTN parameters were derived from the literature: f0 = 0.0009, fc = 0.00476, N = 0.2867 – Wcislik (2014 c), 
fN = 0.04 – Tvergaard and Needleman (2006), q1 = 1.8, q2 = 0.82, q3 = 3.24 – Faleskog et al.(1998). Critical void 
volume fraction fF was used according to the present study (0.598). The microstructural parameters used in the 
simulation are summarized in table 1: 
     Table 1. Microstructural parameters used in the notched specimen model. 
f0 fc fF q1 q2 q3 N fN 
0.0009 0.00476 0.598 1.8 0.82 3.24 0.2867 0.04 
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Figure 8 presents the comparison of force – elongation curves obtained experimentally (black line) and by 
numerical simulation using the GTN model and critical volume fraction fF = 0.598 determined in the present study 
(red line). As can be seen in the picture, the GTN model and its parameters used in simulation make it possible to 
obtain good convergence of experimental and numerical results, including modeling of material softening before 
failure. 
 
Fig. 8. Force - elongation curves obtained experimentally and numerically for specimen with notch radius R = 10 mm. 
5. Summary 
The present study is one of the few attempts of GTN model parameters identification using the experimental 
procedure that involves microstructural investigation with quantitative image analysis. The most often authors assess 
model parameters using fitting curve procedure, by tuning model parameters to provide the convergence of 
experimental and numerical results. This kind of approach is controversial, because it doesn’t take into account the 
real material structure and microstructural phenomena that play important role in material softening prior to its 
failure. 
The experimental procedure used in the study allowed to obtain fF = 0.598. This parameter is not universal, as it 
was specified only for S355J2G3 steel operating in low stress triaxiality ratio equal to 0.516. As observed in Wcislik 
(2014 c), critical void volume fraction fF is noticeably dependent on actual stress state triaxiality ratio (Fig. 9). 
 
 
Fig. 9. Effect of stress state triaxiality ratio on the fF parameter, Wcislik (2014c). 
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The issue of the GTN parameters identification requires further investigations, taking into account different 
materials, stress states, loading rates. This will provide the list of typical GTN parameters, useful for engineers to 
perform strength analysis of structural members prior to failure.  
Regardless of the fF value, simulations clearly indicate that the GTN model is suitable for modeling structural 
elements prior to destruction, and describing material softening, associated with changes in the material 
microstructure due to large plastic deformation. 
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